We investigate the charged particle spectra produced in the heavy-ion collisions at nine centralities from different systems, i.e., Pb+Pb at √ sNN = 2.76 TeV and 5.02 TeV as well as Xe+Xe at √ sNN = 5.44 TeV, at Large Hadron Collider (LHC) using one empirical formula inspired by the solution of the Fokker-Planck equation, dubbed as the generalized Fokker-Planck solution (GFPS). Our results show that the GFPS can reproduce the experimental particle spectrum up to transverse momentum pT about 45 GeV/c with the maximum discrepancy 30% covering 10 orders of magnitude. The discrepancy between the data and the results from the GFPS decreases to 15% when the maximum of the charged particle transverse momentum is cut to 20 GeV/c. We confirmed that the Tsallis distribution derived from the non-extensive statistics, which can reproduce the particle spectra produced in small collision systems, such as p+p, up to few hundreds GeV/c, can only apply to systematically study the particle spectra up to 8 GeV/c in A+A collisions at LHC, as pointed out in the study of identified particle spectra in Pb+Pb collisions at √ sNN = 2.76 TeV. The possible explanation why GFPS functions well is also discussed.
I. INTRODUCTION
The advent of a new generation of high energy colliders, such as the Relativistic Heavy-Ion Collider (RHIC) at Brookhaven and the Large Hadron Collider (LHC) at CERN, has launched a new era for the researchers to explore the properties of a deconfined quark-gluon plasma (QGP) that could be created in the heavy-ion collisions, including their dynamical evolution, and study the particle production in those collisions. However, the QGP cannot be probed directly experimentally because of the nature of the confinement. Therefore, the particle spectrum, which carries the information of the fireball produced in the collisions and the particle production mechanism, is one of the most important observables in the heavy-ion collisions. Up to now, the particle spectra including the inclusive charged particles and identified particles produced from different collision systems and colliding energies have been widely measured at RHIC and LHC [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . With the advance of the new technology for the particle detection, particles can be measured with an extremely high transverse momentum p T , i.e., covering few hundreds GeV/c in p+p collisions [14, 15] and around 45 GeV/c in p+A and A+A collisions [9, [11] [12] [13] . Thus it becomes more challenging to reproduce the particle spectra fully covering the experimental measured p T range within one simple framework.
In the past, the theoretical studies of the particle spectrum have been carried out in the framework of hydrodynamical models [16] [17] [18] , transport models [19] [20] [21] , recombination models [22] [23] [24] [25] [26] and perturbative QCD (pQCD) [27] [28] [29] , characterized by the regions of transverse momenta of the produced particles where the models are applicable. These methods are independent of each other with great success in explaining the experimental data and reach a high level of sophistication. Besides these, there still exists other phenomenological models proposed to describe the particle production with different assumptions [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
One example is the Tsallis distribution derived from the non-extensive statistics [34, 38, 45] which has attracted the attention of many theorists and experimentalists and become a topic of great interest in high energy heavy-ion collisions [2, 3, 5-7, 30-35, 39, 40, 42-44, 46-48] . It has been very successful in describing the particle spectra measured at RHIC and LHC, especially for the small collision systems, i.e., p+p and p+A, with only three free parameters, and in a wide variety of research fields (see Ref. [38] and references therein). In p+p collisions, it is quite impressive to see that the Tsallis distribution can fit the spectra of identified hadrons and charged particles in a large range of p T up to 200 GeV/c which covers 15 orders of magnitude [30, 31, 42] . It has been nicely demonstrated that the Tsallis distribution can fit almost all the particle spectra measured at RHIC and LHC so far [42, 43] . However, it can only reproduce part of the observed spectra of identified particles in central Pb+Pb collisions at √ s N N = 2.76 TeV, either in the low or in the high p T region, as shown in Ref. [43] . In order to reproduce the particle spectra in the central Pb+Pb collisions at √ s N N = 2.76 TeV where the nicely single Tsallis distribution fails, the multicomponent models, such as the double Tsallis distribution [40, 49] , the hydrodynamic extension of a twocomponent model [41] and the multi-sources model [36] , are proposed by considering that the particles at different As a phenomenological study, we are very sensitive to the number of free parameters in our model which is often criticized by others who prefer the sophisticated models or ab initio calculations. Following the philosophy that we should keep the beauty and simplicity of the distribution function and increase the number of fitting degree of freedom by one each time, similar to the transition from the Boltzmann thermal distribution to the Tsallis distribution when the intermediate p T data for the particle spectra became available. In Ref. [43] , we proposed a formula inspired by the solution of the Fokker-Planck (FP) equation to fit all the particle spectra available at that time. In Pb+Pb central collisions at
TeV, we changed the power of
b in the denominator of the stationary solution of FP equation from 2 to 4 in order to increase only one free parameter comparing with the Tsallis distribution. More detailed study in Ref. [40] established that the power in the formula should be treated as a free parameter if the spectra of identified particles at different centralities in the Pb+Pb collisions should be reproduced. We dubbed this formula as the generalized Fokker-Planck solution (GFPS).
Recently, the experimental data of charged particle spectra at nine centralities in Pb+Pb collisions at GeV/c have been released by the ALICE Collaboration at LHC. More systems and more colliding energies with particle spectra in wider p T range will be the new challenges to all the models. Therefore, our objective in this paper is to investigate whether the GFPS proposed by us can reproduce the new experimental data, which can shed the light on understanding the particle production mechanism at LHC.
The paper is organized as follows. In the next section, we briefly describe the Tsallis distribution and the generalized Fokker-Planck solution as well as their asymptotic behaviors at low and high p T respectively. Section III will show the fitting results on charged particle spectra at nine centralities from Pb+Pb collisions at A brief discussion for the reason why GFPS performs well to reproduce the particle spectra at LHC is presented in Section IV. Finally, a summary is given in Section V.
II. THE TSALLIS DISTRIBUTION AND THE GENERALIZED FOKKER-PLANCK SOLUTION
The Tsallis distribution, which was proposed about three decades ago, was derived in the framework of nonextensive statistics [38, 45] . But when it was applied to the particle spectrum in high energy heavy-ion collisions, different versions of Tsallis distribution appeared in the literature because different considerations were taken into account. In our previous works [40, 42] , we classified those Tsallis distributions into three categories: Type-A, B and C based on their form in order to clarify our considerations and give a nice guide to the researchers interested. We will only briefly introduce the Type-A Tsallis distribution which was adopted by experimental groups.
Type-A Tsallis distribution, which was obtained without resorting to thermodynamical description, has been widely adopted by STAR [2] , PHENIX [47] Collaborations at RHIC and ALICE [4, 5, 48] , CMS [6] Collaborations at LHC. It has the form
(1) where m T = p 2 T + m 2 is the transverse mass. m was used as a fitting parameter in Ref. [2] , but it represents the rest mass of the particle studied in Refs. [4-6, 47, 48] . (1) can be neglected and we obtain E d 3 N dp 3 ∝ p −n T . The particle spectrum follows a power law distribution with p T is well known in high energy physics; 2) When p T m, i.e., the non-relativistic limit,
, i.e., a thermal distribution is recovered. The parameter C in Eq. (1) plays the same role as temperature T . In Refs. [31, 42, 43] , a simpler form of Eq. (1) is obtained
where E T = m T − m. A, n and T are free fitting parameters in Eq. (2) which is applied in this study. The parameter n determined by the behavior of the particle spectrum at high p T can be associated with the particle production process as discussed in Ref. [30] . The general form of Fokker-Planck equation is [50, 51] ,
The coefficients A(r) and B(r) are the drift and diffusion terms, respectively. Here, r represents the variable interested and t is the time. The stationary solution of Eq. (3) is which fulfills the condition ∂Ps ∂t = 0 and depends on the diffusion type through the terms A(r) and B(r). Considering the mixing diffusion A(E T ) = A 0 + αE T and B(E T ) = B 0 + βE 2 T , one could obtain
where b = B 0 /β, T = B 0 /A 0 and c = 1 + α/2β. Let us look at the asymptotic behaviors of Eq. (5): 1) When
2) When p T 1 or
1, we obtain
As one can see that the asymptotic behaviors of P s (E T ) are consistent with those of Tsallis distribution as well as the particle spectrum distribution in heavy-ion collisions, which exhibits for large p T roughly a power-law distribution, whereas it becomes purely exponential for small p T . We applied the Eq. (5) to study the particle spectrum for the first time in central Pb+Pb collisions at √ s N N = 2.76 TeV in Ref. [43] but changed the power of E T b in the denominator of the stationary solution of FP equation from 2 to 4. In a more detailed study [40] , we realize that we need to generalize the formula proposed in Ref. [43] in order to describe the spectra of identified particles at both central and non-central collisions. Then we adopt the generalized Fokker-Planck solution (GFPS) which is
It has five parameters A, b, c, d and the effective temperature T (or b T ). A crossover from the exponential law at low p T to the power law at high p T takes place at E T ∼ b.
III. RESULTS
In the present section, we show the transverse momentum spectra of charged particles in Pb+Pb collisions at Fig. 1 .
It is nice to see that all the charged particle spectra from central to peripheral collisions with p T up to 45 GeV/c covering 10 orders of magnitude are well fitted by the GFPS. Since the data are plotted in log scale, for a better visualization, we also plot the ratios of the data over the fitting results at the bottom in Fig. 1 . The ratios clearly establish that the fit to the central collisions has larger deviation from the data than the one to the peripheral collisions which is not surprising as in Ref. [43] , but the maximum deviation is 30% for all centralities over the full p T range. The ratios oscillate around 1 indicating that the fitting results with the GFPS are quite reasonable. The fitting parameters in the GFPS are listed in Table I , including the information on their chi-squared test. As one can notice that the power index d of E T b is less than 1 for all centralities in the three colliding systems, which is smaller than the 2 for the stationary solution in Eq. (5). We have concluded in Ref. [40] that the five parameters in the GFPS are correlated.
Comparing with our previous results [40, 43] , we notice that the fitting results in Fig. 1 are not as good as the previous ones but the fitting p T range goes up to 45 GeV/c while it is only up to 20 GeV/c in the previous studies. It is well known that the quality of the fitting is strongly dependent on the fitting p T range. Therefore, in Fig. 2 , we repeat the fitting processes for the charged particle spectra as in Fig. 1 but with the p T cut at 20 GeV/c. Now the fitting results are better than the ones in Fig. 1 and the maximum deviation is 15% for all centralities. In Fig. 2 , we also show the fits from Tsallis distribution Eq. (2) with (red) long-dashed lines for the most central collisions (0-5%) and peripheral collisions (70-80%). As one can see, the Tsallis distribution can fit the particle spectra at peripheral collisions in AA very well because it is quite similar to the pp collisions and it is not distinguishable from the one with the GFPS. For the central collisions in AA, it can only fit the particle spectra at p T < 8 GeV/c because of the strong medium effects. Therefore, it is not the optimal choice to do particle spectra study with full p T region measured in AA collisions.
B. The nuclear modification factor
The nuclear modification factor R AA , which is obtained from the ratio of the hadron yield in AA and pp collisions, where the latter is scaled by the average number of binary collisions N coll in AA collisions,
was proposed to show the medium effects in pA or AA collisions. Figure 3 shows R AA of charged particles for nine centrality classes in Pb+Pb collisions at √ s N N = 2.76 TeV (full black circles) and 5.02 TeV (empty red circles) and in Xe+Xe collisions at √ s N N = 5.44 TeV (full blue triangles). In the three collision systems, a similar characteristic p T dependence of R AA is observed, which exhibits a strong centrality dependence with a minimum around p T = 6 − 7 GeV/c (very close to the fitting limit of Tsallis distribution) and an almost linear rise above.
In particular, in the most central collisions (0-5%), the three systems almost show the same values of R AA for the whole p T region within the errors. While in the peripheral collisions, the suppression of high momentum particles in Pb+Pb collisions is apparently stronger than that in Xe+Xe collisions for the same centrality, which illustrates that the medium is less dense produced in Xe+Xe collisions.
In order to further test the fitting performance of the GFPS to the particles spectra shown in Figs. 1 and 2 , we calculate the R AA for nine centralities in Pb +Pb collisions at √ s N N = 2.76 TeV using the fitting results in Fig.   2 , shown by black lines in Fig. 3 . R AA is plotted in linear scale thus very sensitive to the fitting error. As shown in Fig. 3 , the calculated results can rather well reproduce the experimental R AA , which is consistent with the results in Figs From the results presented in Figs. 1-3 , we can conclude that the generalized Fokker-Planck solution can be a candidate selected to describe the particle spectra in AA collisions at different colliding energies, in particular when the particle spectrum p T goes higher than 10 GeV/c.
IV. DISCUSSION
In the last section, we just showed that the GFPS can be used in the particle spectrum study phenomenologically to a very high p T range in the AA collisions at LHC where the Tsallis distribution fails. Actually, the FokkerPlanck equation has been widely employed to study the particle production in heavy-ion collisions [52, 53] and achieved a great success. Therefore, we would like to put our thoughts here why it works well with the lessons learned from the other models. On the one hand, the studies with a multiphase transport (AMPT) model show that the rescatterings among hadrons in the hadronic phase are necessary and essential in order to significantly improve the reproduction of the experimental data [19] and the studies with hydrodynamics model have constrained the QGP shear viscosity to entropy density ratio η/s to the range of [0.08, 0.2] which means that the partons in the QGP are strongly correlated similar to the final hadrons [54, 55] . As one can see the common feature of the final hadrons produced in the heavy-ion collisions in the two different frameworks is the particle correlation. On the other hand, in Fokker-Planck equation, there are drift and diffusion terms which reflect the correlations among the particles in the system. We believe that the final particle correlation is the solution why GFPS works to describe the particle spectra produced in AA collisions at LHC according to our study.
V. SUMMARY
In this paper, we conducted a detailed study of the transverse momentum spectra of charged particles at nine centralities produced in Pb+Pb collisions at The ratio between the data and fitting result as well as the nuclear modification factor R AA have been adopted to testify the fitting performance of the GFPS. Our results show that the GFPS can nicely describe the charged particle spectra from central to peripheral collisions with p T up to 45 GeV/c, while the Tsallis distribution can only fit the spectra at p T < 8 GeV/c for central collisions and it has the same performance as the GFPS for the peripheral collisions, which confirms the conclusion made in our earlier work only with the data from Pb+Pb collisions at √ s N N = 2.76 TeV. We also briefly discuss the reason why the GFPS functions well for the particle spectrum.
